The cyclodextrin glycosyltransferase (CGTase) of the recombinants Escherichia coli pAD26 cells immobilized on cotton was optimally produced by statistical methodology. Primarily, carbon and nitrogen sources were selected by one-factor-at-a-time method. Wheat starch, Casamino acid, Edamin and Hy-soy were identified as the best nutrients. These sources were secondly confirmed by Plackett-Burman design (fifteen variables were studied with sixteen experiments), as the most significant components with respect to CGTase production. In the third step, concentration of most significant factors and their interaction were optimized with a Box-Behnken experimental design. Under the optimized conditions (agitation 200 rpm, yeast extract concentration 20 g/L, wheat starch concentration 10 g/L and Hy-soy concentration 2.5 g/L), CGTase yield 145.11 U/mL was 3.6 and 23 folds higher than those obtained by the use of the initial conditions (39.77 U/mL) and free cells (6.37 U/mL), respectively.
Introduction
The α-amylase family, i.e. the family GH13 of glycoside hydrolases, constitutes an important studied group of the starch-degrading enzymes (Van der Veen et al. 2000; Alves-Prado et al. 2008) . Enzymes belonging to this family have three carboxylic residues (2 aspartates and 1 glutamate) implicated in the catalysis and employ an α-retaining double displacement mechanism. However, they present a huge diversity in reaction and product specificities. All of them are able, either by hydrolysis and/or transglycosylation reaction, to produce α-anomeric mono-and oligo-saccharides (van der Veen et al. 2000; Letsididi et al. 2010) . Cyclodextrin glucanotransferase (CGTase; EC 2.4.1.19) is a distinctive member of this largest α-amylase family with a low hydrolytic activity. The major activities of this enzyme are intramolecular (cyclization) and intermolecular (disproportion, coupling) transglycosylation (Kuo et al. 2009) .
CGTase is thus able to convert starch into cyclic α-1,4-glucans, called cyclodextrins (CDs) (Leemhuis et al. 2010) . CDs can accommodate various organic and inorganic molecules within the hydrophobic central cavity leading to changes in the chemical and physical properties of the guest's molecules (Atanasova et al. 2009; Li et al 2010) . Due to this property, CDs have been used in foods, pharmaceuticals, cosmetics, environmental protection, agricultural, chemical and textile industries. The rising need of CDs in industry has increased enormously the potential application of CGTases (Ibrahim et al. 2010) .
CGTases produce usually a mixture of α, β, and γ-CDs containing respectively 6, 7 and 8 glucose molecules forming a cycle. The fraction of each product varies depending on the source of bacteria, reaction time and conditions (Ong et al. 2008) .
Immobilization of microbial cells for enzyme production provides many process benefits, such as reusability, freedom from toxicity problems, and facility of separation of cell mass from the fermentation media. Moreover, immobilized cells can reduce the risk of contamination and of protease activity (Mussatto et al. 2009 ). Compared with free cells, immobilized systems can show modifications in physiology and biochemical composition (Ahmed & Abdel-Fattah 2010) .
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; L, flask volume (mL); M, agitation (rpm); N, pH; P, fermentation time (h); b, contrast coefficient.
sponge, corn cobs) has a great potential for industrial application. However, biomaterials are renewable, nontoxic to microbial cells and especially to the environment, biodegradable, readily available, inexpensive and easy to use (Chu et al. 2009; Pazzetto et al., 2011) . Previous studies of our research group on CGTases have been focused on isolation of the microorganism, purification and characterization of Paenibacillus pabuli US132 CGTase (Jemli et al. 2007) , mutations affecting the enzyme activity (Jemli et al. 2012) as well as overexpression of P. pabuli extracellular US132 CGTase gene in Escherichia coli and optimization of the culture media for recombinant enzyme production . In the present study, we aimed at the improvement of the CGTase production by recombinant Escherichia coli pAD26 cells immobilized on cotton through the optimization of media components and culture conditions using statistical experimental design.
Material and methods

Microbial cells immobilization and fermentation conditions
Cotton, a vegetable fibre, is almost pure cellulose. It has a high hydrophilicity, an important stability during long periods of repeated use and an easy application technique (Chu et al. 2009 ). The cotton (Gossypium barbadence) employed for immobilization of E. coli pAD26 cells to produce CGTase enzyme was purchased from King Flex laboratory.
In order to strengthen the attachment of microbial cells to the support, cotton was pre-treated with 0.15% glutaraldehyde solution, and kept at room temperature for 0.5 h. Then the material was washed 3 times with the sterile distilled water. After that, the cell suspension containing 1 g of recombinant E. coli pAD26 was added to cotton. The immobilized system was maintained at 37
• C in an incubator under orbital shaking at 250 rpm in the previously optimized media (Zouari Ayadi et al. 2011) 
Effect of carbon source
Based on the literature and with the aim to improve the enzyme production and minimize the production costs, different economic and cheaper carbon sources, such as wheat starch, orange peel, wheat bran, potato bark and potato starch were selected to study their effect on the expression of CGTase by immobilized recombinant E. coli pAD26 at a concentration of 5 g/L.
Effect of nitrogen source
In the production medium, Casamino acid was substituted with six different nitrogen sources as follows: N-Z amine A, Hy-soy, Hy-case amino, Amisoy, Edamin, and N-Z amine YT. These substrates were derived from agriculture products and are more economic and cheaper than Casamino acid. All nitrogen sources were tested at a concentration of 15 g/L.
Enzyme activity assay The CGTase activity, determined as dextrinisation activity, was monitored at 60
• C for 10 min as described previously (Jemli et al. 2007) . One unit of the enzyme activity was defined as the amount of enzyme able to decrease 10% of amylose-iodine complex optical density per min under the assay conditions.
Experimental design and statistical analysis
To determine which variables significantly affect the CGTase production by immobilized cells, a Plackett-Burman design was used. All variables (wheat starch, glucose, xylose, yeast extract, tryptone, Edamin, Casamino acid, Hysoy, K2HPO4, MgSO4, NaCl, flask volume, agitation, pH, fermentation time) were studied at two widely spaced levels. The low (-1) and high (+1) levels of each factor and the design matrix are listed in Table 1 .
The effect of each factor was illustrated by the determination of the contrast coefficient (b), which was calculated as the difference between the average of measurements made at the high (+) and the low (-) levels of the factors. Response surface methodology was performed to optimize the four most significant factors identified by PlackettBurman design (wheat starch, yeast extract, Hy-soy and agitation) for enhancing the enzyme production. The four independent variables were studied at three different levels (-1, 0, +1) and a set of 27 experiments was carried out ( Table 2) .
The obtained data were studied using SPSS (version 11.0.1 2001, LEAD Technologies, Inc., USA) statistical software, whereas the response surface was generated using MSExcell (version 2003, Microsoft office, Inc., USA) software.
The regression model was determined by the SPSS procedure, which initially considers all the factors and then eliminates step-by-step the ones that do not have any effect. Insignificant model terms were thus excluded (Kammoun et al. 2008 ).
Results and discussion
The effect of carbon and nitrogen sources on the CGTase production In this study, the traditional one-factor-at-a-time approach was used to study the effects of various carbon and nitrogen sources on the CGTase production by E. coli pAD26.
The effect of various carbon sources on enzyme production is shown in Fig. 1 . These results indicated that maximum extracellular CGTase production was achieved with wheat starch after 48 h of incubation and reaching 38.37 U/mL. Several bibliographic studies indicate that starch is the best carbon source to obtain the maximum CGTase production. Hence for the immobilized cells of Bacillus pseudalcaliphilus 20RF and B. pseudalcaliphilus 8SB (Atanasova et al. 2009 ) and Bacillus firmus strain 37 (Pazzetto et al. 2011 ) maximum CGTase production was obtained with a soluble starch. However, a higher CGTase titer was achieved with Bacillus sp. G1 (Illias et al. 2003) in the presence of tapioca starch, and with Bacillus firmus (Higuti et al. 2004) in the presence of potato starch on the other hand.
It is obvious that the best starch nature for the CGTase production depends on the microorganism, which was used in the fermentation process. This could be related to the fact that the CGTase production is a specific reaction process between the carbon source and a microorganism (Ibrahim et al. 2010) .
The investigation of the effect of different nitrogen sources on the CGTase production showed that the Casamino acid remains the most suitable source (38.37 U/mL). A low CGTase activity was detected in the media lacking of Casamino acid (Fig. 2) . According to Avci & Dönmez (2009) , casein is the best nitrogen source for the CGTase production. Edamin and Hy-soy also showed significant CGTase production with the 26.35 U/mL and the 26.13 U/mL respectively. The values are still lower in comparison with the ones obtained with Casamino acid. A mixture of these sources can improve the enzyme production. Consequently, among different carbon and nitrogen sources tested, wheat starch, Casamino acid, Edamin and Hy-soy were the ones selected to be screened in the subsequent study using the Plackett-Burman design.
The screening of the significant variables of the CGTase production by immobilized cells on cotton In order to best select the most influential variables on the CGTase production by immobilized cell, the Plackett-Burman design was employed. The design matrix, the response and the contrast coefficient are given in Table 1 .
Based on the statistical analysis, agitation, wheat starch, yeast extract and Hy-soy were identified as the most significant variables that present the largest contrast coefficient (b). In fact, agitation and yeast extract concentration had a positive effect on CGTase production by immobilized cells, while the concentration of wheat starch and Hy-soy exhibited a negative effect. Except Hy-soy, all tested nitrogen sources have a positive effect on CGTase production. Bennamoun et al. (2004) noted that, when 1-15% dry weight cells is employed, nitrogen is an essential element to the formation of proteins, enzymes and nucleic acids. In addition, Kapoor et al. (2008) affirmed that organic nitrogen is most present in amino acids that are required by the microorganism. However, the negative effect of Hy-soy and starch on the CGTase production can be explained by the fact that the culture media contain an excess of nitrogen and carbon sources that causes the phenomenon of substrate inhibition. This analysis highlights the fact that agitation has the highest significant effect on CGTase production because it shows the most important contrast coefficient (b = 27.20).
The optimization of levels of the fermentation factors Based on the results from the screening design, wheat starch, yeast extract, Hy-soy concentrations and agitation were chosen for this optimization step. Matrix and experimental results are summarized in Table 2 . The model was established after the regression analysis and The F-test (ANOVA) was used to identify the statistical significance of the second-order model. The F model-value of CGTase activity, which is 49.35 with a very low probability (p < 0.01), shows that the models are highly significant. The fitness of the model was checked by the determination coefficient (R 2 = 0.98), which stipulates that only a 2.20% of the total variation could not be explained by the model.
The analyses of the quadratic model showed that the variables with the largest effect are the linear term of wheat starch and yeast extract concentrations as well as the interaction between wheat starch and Hysoy concentrations, whereas all other first-order interactions did not show any major significant effect. Also, we noticed that the linear term of agitation and Hysoy are eliminated from this model, which means that these factors had not a first-order significant effect on the CGTase production. In fact, carbon and nitrogen sources can act as nutrients or limiting factors. In addition, a slight variation in their concentrations can lead to significant changes in the production level (Jamal et al. 2008) .
The interaction between the wheat starch and Hysoy concentrations can be better visualized by the plotting the three-dimensional response surface. Accordingly, the response was obtained by varying the two factors (wheat starch and Hy-soy concentrations), while the concentration of yeast extract and agitation were maintained constant at their intermediate levels of respectively 20 g/L and 200 rpm (Fig. 3 ). An increase that reached up to 121.32 U/mL in the CGTase production by immobilized cells was recorded with the decrease of wheat starch concentration to 10 g/L and of Hy-soy concentration to 2.50 g/L. Yap et al. (2010) stated that an important CGTase activity is obtained at a lower sago starch concentration of 0.10% (w/v). These authors also indicated that this phenomenon might exist due to the fact that higher starch concentration could provoke the increase of media viscosity and consequently causes a poor oxygen uptake. The response surface (Fig. 4) that corresponds to the combined effects of yeast extract and agitation illustrated that the interaction is not rather important, because the iso-response contour plots were stackable. It illustrated also that agitation did not show significant variation in CGTase production above 200 rpm. However, yeast extract concentration showed a significant variation from a lower to higher limits. Mahat et al. (2004) pointed out that the yeast extract concentration in the media is a major significant factor for the CGTase production. Furthermore, the presence of essential nutrients or inductors can stimulate the production of the enzyme (Moriwaki et al. 2009 ).
Validation of the optimum fermentation conditions
Under the optimized culture conditions, the quadratic model showed that the maximum CGTase production will be 145.11 U/mL, when starch concentration, yeast extract concentration, Hy-soy concentration and agitation were 10 g/L, 30 g/L, 2.5 g/L and 200 rpm, respectively.
To validate the predicted results, fermentation experiments were performed in two tests. A 3.6 time increase of yield of CGTase production by cotton immobilized cells had been observed, while the degrees of growth of the immobilized strain in the two media are comparable. This yield was 23 times better than the one obtained using the free cells (6.37 U/mL). These results also suggest that the experimental and the predicted values (145.44 U/mL) of CGTase production were in good agreement. The experimental data obtained indicate that the immobilized recombinant E. coli under optimized culture conditions had produced a significant CGTase activity in comparison to the other strain producers. Ding et al. (2010) reported that, after the optimization of the culture conditions, the α-CGTase gene from Paenibacillus macerans JFB05-01, that has been cloned and expressed in E. coli BL21 (DE3), produces a level of an extracellular CGTase, reaching 12.89 U/mL, which is a 15 time higher than using the initial culture conditions.
Conclusion
In the light of these studies, we can conclude that the use of immobilization process leads to a significant improvement in the plasmid stability of the recombinant cells and therefore to an increase in the production of recombinant enzymes. To the best of our knowledge, the maximum attained level of CGTase activity 145.85 U/mL has not been reached before. Therefore, this finding proves that our optimization strategy -which is composed of three subsequent steps: (i) selection of the best carbon and nitrogen substrates; (ii) screening of the most influents production factors; and (iii) determination of their optimal levels -is suitable for this kind of production and is able to be applied to other metabolite production that uses immobilized cells.
